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15: S171 (1980 This invention relates to particulate antimicrobial agents capable of killing intracellular microorganisms, and to the administration of these agents to patients in an effective manner.
Advances in medicinal chemistry have primarily been accomplished by the synthesis of new compounds which demonstrated improved efficacy and/or reduced toxicity because of their chemical structure. While these types of innovations continue unabated, a major objec-15 tive of pharmaceutical research today involves the tar getting of drugs to specific organs or tissues to maxi mize efficacy and minimize adverse side effects.
Despite the availability of a variety of antimicrobials, many infections continue to cause significant morbidity 20 and mortality among patients. Several reasons can be cited to explain this phenomenon. All antimicrobials, including those exhibiting so-called broad-spectrum activity, are only effective against a finite number of organisms. In addition, bacteria are capable of develop-25 ing resistance to an antibiotic by acquisition of plasmids or chromosomal mutation. These changes in the bac teria may allow for alteration of the antimicrobial agent by enzyme production or block antimicrobial agent transport into the bacteria. In addition, a bacterial strain 30 can develop an alternative metabolic pathway or differ ent peptide linkage and become totally resistant to a particular antibiotic. Prophylactic use of antibiotics is now generally avoided to reduce the incidence of strain specific resistance of many common bacteria. 35 Most organisms are susceptible to killing by the phag ocytic cells. However, some microbes, so called faculta tive and obligate intracellular parasites, are incom pletely killed by these cells. No totally effective treat ment for infections by these organisms is commercially available today.
Currently administered drugs are almost exclusively water-soluble compounds with demonstrated efficacy for a particular disease or condition. Aqueous solubility of a drug permits rapid and uniform mixing with blood for delivery to the infection site; however, this phenom enon also results in drug delivery to other organs where deleterious side effects can and often do occur. In addi tion, high aqueous solubility often prevents a drug from so entering cells which inherently limits effective treat ment for numerous maladies. Surmounting these prob lems is a major challenge to pharmaceutical manufac turers today. Many approaches are currently being investigated and may be viable in the future. This inven-55 tion, the use of particulate pharmaceuticals as antimi crobial agents, is a novel approach which shows prom ise for imminent clinical application.
SUMMARY OF THE INVENTION 60
The invention is a pharmaceutical composition and method for treating microbial infections which involves the use of particulate pharmaceuticals. The composition of the invention combines a physilogically acceptable carrier with substantially spherical, substantially uni-65 formly sized particles of an organoiodide or organobro mide which is solid at physiological temperatures, has a solubility in blood serum of less than one part per ten 10 45 2 thousand, and has a mean particle diameter of from about 0.01 microns to about 4 microns.
The method of the invention involves administering to a patient an effective amount of the particles just described.
The preferred embodiments of the invention are: those compositions and methods as described, where the particles are capable of enhancing the intracellular killing of microorganisms; where the iodide or bromide group can be cleaved through an intracellular metabolic pathway to produce a corresponding iodine or bromine anion; where the particles are comprised of an aromatic or arylalkyl mono-, di-, or tri-iodide or bromide, iodipa mide ethyl ester, iosefamate ethyl ester, or iothalamate ethyl ether; where the particles have a mean diameter of from about 1 micron to about 2 microns; where the particles have a mean diameter of from about 0.01 mi crons to about 0.1 microns; the composition as de scribed, where the carrier is an aqueous solution capable of forming a suspension with the particles; the method as described, where the dose range is from about 0.003 mg to about 200 mg equivalent of iodide or bromide per kilogram body weight, or from about 0.005 mg to about 400 mg iodipamide ethyl ester per kilogram body weight respectively; the method as described where the particles are administered as an aqueous suspension; the method as described where the route of administration is parenteral; the method as described where the infec tion is caused by a facultative or obligate intracellular microorganisms, where the infection is caused by yeast, fungus, bacteria, mycobacteria, protozoa, chlamydia, rickettsia, helminthes or a virus; the method as de scribed, where the target cells of the patient are phago cytes, or are the phagocytic cells of the circulatory system, liver, spleen, lungs, bone marrow, central ner vous system, integument, or gastrointestinal tract; where the target cells of the patient are polymorphonu clear leukocytes, or mononuclear phagocytes.
The use of the particulate composition of the inven tion as an antimicrobial agent offers several advantages over available water-soluble drugs. Since water-soluble drugs are generally not transported across cell mem branes, they are ineffective against intracellular para sites. It has been found in contrast that the particulate composition of the invention is phagocytosed by the same cells occupied by these parasites; therefore, the particulate composition can facilitate killing of these microbes. Furthermore, since the particulate composi tion is directed almost exclusively to host phagocytes which are responsible for combatting the infectious microbes, adverse side effects resulting from drug distri bution to other tissues are minimized.
A technology has been developed for producing the particles used in the composition of the invention at the desired size and shape, eliminating the necessity for mechanical milling, filtering, etc. Shelf-stability of the composition has been demonstrated to be greater than six months with no indications of deterioration. When properly formulated, these compositions are stable against adverse interactions with blood components.
DETAILED DESCRIPTION OF THE INVENTION
The compounds used in the particulate composition of the invention are organoiodides and organobromides which are solid materials at physiological temperatures, and have a solubility in serum of less than one part per ten thousand, and in addition, have the foregoing prop 4,783,484 3 erties which render it effective against microbial infec tions.
The use of a solid organoiodide or organobromide as a composition having antimicrobial properties accord ing to the invention necessitates the preparation of par ticles of the organoidode or organobromide with a sub stantially uniform size. Typically, however, until the present-invention, particle suspensions with an appro priate mean diameter usually would contain a signifi cant percentage of particles having diameters which can and will embolize small blood vessels. Also, parti cles of sufficiently small diameter often would, upon contact with blood, interact adversely with proteins and/or other elements of blood, interfering with normal physiological functions or producing aggregates which can embolize capillaries or other small blood vessels. Furthermore, the chemical structure of the compound forming the particles must be such that the body can metabolize and excrete it; otherwise it will remain indef initely which could cause long-term adverse side ef fects. These difficulties have prevented the therapeutic use of particulate compositions until the development of this invention.
The largest useful size is determined by the fact that the particles must be capable of passing through the smallest capillaries, which are about 4 to about 5 mi crons in diameter, and the smallest useful size is deter mined by the fact that the toxicity of the particulate compositions increases as particle size decreases. Parti cle size must be in the range of 0.01 microns to 4 mi crons to be effective. Particles with a preferred size of about 1 micron demonstrate a strong antimicrobial ef fect, possibly because phagocytosis by certain target cells is optimal for 1 micron particles. Particles with a preferred size of about 0.01 microns to 0.1 microns are optimal for uptake by fixed macrophages of the lung and bone marrow.
The mechanisms allowing for the survival of organ isms within a host phagocyte include: (a) failure of the phagocyte to mount an adequate oxidative burst; (b) lack of phagosome-lysosome fusion; (c) escape of the organism from the phagosome. The absence of an effec tive concentration of halide anions also plays a role. Optimal oxidative killing is dependent on the generation of highly reactive products of oxygen reduction, such as O2 and H2O2, reacting in concert with myeloperox idase (MPO). This reaction is further amplified by addi tion of a halide cofactor such as chloride or iodide. The most potent of the four biologically active halides is iodide, followed in order by bromide, chloride, and fluoride (Klebanoff; J. Bacteriol, 95: 2131 Bacteriol, 95: (1968 ). The availability of iodide to the phagocytic cell in vivo is low while the physiologic intracellular chloride con centration is in excess of the concentration required by the cell-free myeloperoxidase-mediated microbicidal assay. Thus, chloride is probably the major cofactor in vivo. However, the thyroid hormones thyroxine (T4) and triiodothyronine (T3) have been successfully substi tuted for iodide in the cell-free MPO-mediated microb icidal assay and could contribute, to a small degree, in vivo. Deiodination of T4 and T3 by MPO and H2O2 is known to occur. A solid organoiodide or organobro mide having a cleavable iodine or bromine group would appear to be a good source of iodide or bromide, and deiodination or debromination of these compounds probably proceeds by a similar pathway. Enhanced killing of a microbe would occur when the organoio dide or organobromide and microbe are ingested simul It is believed that the particulate composition of the invention enhances the phagocyte killing mechanism as described above, and thus the microbial mortality re sults from an in situ oxidative sterilization. Since this proposed mechanism is not specific to one cellular com ponent or metabolic pathway, it is believed that the composition of the invention offers true broad spectrum antimicrobial activity which would not likely be cir cumvented by microbial mutation. This theory of ac tion, however, is not meant to limit the invention, but rather to explain experimental evidence described below which demonstrates the intracellular microbial killing effect of the invention.
The composition of the invention includes particulate organoiodides or organobromides, wherein the or ganoiodides or organobromides are known compounds or their closely related derivatives having the foregoing physiological properties. For example, compounds which would be useful in the invention include bro mides and iodides of alkyl, aryl, alkenyl, alkynyl, arylal kyl, arylalkenyl, or arylalkynyl groups, and in addition, these compounds may be substituted by such organic functional groups as ethers, esters, amides, carbonates, carbonyls, acids, amines or amine salts, provided that the functional groups do not interfere with the meta bolic mechanism of releasing the iodide anion or bro mide anion.
Preferred compounds include compounds which can be prepared as particulate solid dispersions in water because they do not have a strong tendency toward aggregation.
It has been discovered that the particulate form of the compositions of the invention makes them efficacious as antimicrobial agents. Data from experiments involving human neutrophils and Staphylococcus aureus indicate that an example of the particulate composition, iodipa mide ethyl ester, exerts an intracellular antimicrobial effect; and this is believed to be most likely due to provi sion of iodide for the oxidative killing process. Thus, the compositions of the inventions act as broad spectrum antimicrobials since it is believed that microbial muta tion against this mechanism is highly unlikely and it is active against a broad range of microorganisms.
Enhancement of intracellular killing is of great im portance for microbes that are incompletely killed by phagocytic cells, so called facultative and obligate in tracellular parasites. In the mouse, Listeria monocyto genes acts as a facultative intracellular organism. This invention enhances the killing of these kinds of microor ganisms.
The particulate compositions of the invention are taken up by the phagocytic cells, including polymor phonuclear leukocytes, mononuclear phagocytes (tis sue-fixed macrophages), and other cells of the circula tory system, central nervous system, liver, integument, gastrointestinal tract, spleen, lung, and bone marrow. A particular cellular target may be selected by varying the particle size, dose, or composition of the particulate composition.
The method of the invention effectively delivers the compounds used in the invention to phagocytic cells, where phagocytosis results, bringing the compositions of the invention into the intracellular microenviron ment, where intracellular parasitic microorganisms are then killed.
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The dose range of the organoiodide or organobro mide particles is easily calculated in terms of the iodine or bromine content of the selected particle. At the upper range, as much as 200 mg equivalent iodide or bromide per kilogram body weight may be adminis tered to a patient. At the lower range, a dose of 0.003 mg equivalent iodide or bromide per kilogram body weight may be administered. A desirable effect has been measured at the preferred dose range of 0.03 mg equiva lent iodide or bromide per kilogram body weight.
The invention may be applied to kill intracellular microorganisms, including facultative and obligate in tracellular parasites, bacteria, mycobacteria, yeast, fungi, protozoa, chlamydia, rickettsia, helminthes, vi ruses, and other microorganisms which are capable of surviving in the phagocytic cells of an infected host.
The compositions of the invention may be adminis tered by conventional routes which would be apparent to those skilled in the art, and in appropriate dosage form, such as sterile aqueous solution or suspension, phosphate buffered saline, liquid solution, water, pow der, elixir and the like. The compositions may be given alone in the appropriate dosage form, or combined with other pharmaceuticals or with a suitable pharmaceutical carrier. Such carriers are well known in the art and include elixirs, excipients, starches, aliphatic alcohols, glycerols, glycols, sugar solids or liquids, polyvinylpyr rolidone, suspension agents, emulsifiers, inert pharma ceutically acceptable diluting powders and liquids, iso tonic solutions, gums, gelatins, lubricants, preservatives, antioxidants and the like. The methods for preparing such combinations and dosage forms are well known in the art.
Parenteral administration is preferred, but the com position of the invention may also be administered orally, bucally, peritoneally, anally, as an aerosol, or by other routes known in the art. In general, the route of administration, dosage form and amount dosage rate will be dependent upon the patient's condition and upon the judgment and observation of his attending physi C12.
The following examples illustrate particular aspects of the invention but do not limit the scope of the inven tion as set forth in the foregoing description and in the claims. EXAMPLE 1.
Preparation of Particulate Pharmaceuticals
The first step in the preparation of a particulate com position is to form a solution of the organoiodide or organobromide in an organic solvent suitable for that compound. This can occur as the compound is synthe sized as a dissolved solid, or it can be done by simply dissolving particles of the compound in the solvent of choice.
The solvent is chosen to suit the compound. The non-solvent should not precipitate the com pound when it is added to the solution. Non-solvents in which the compound is slightly more soluble than in water is preferred. Lower aliphatic alcohols, such as ethanol, are effective non-solvents of IEE and ITE in DMSO. Also, proportions of non-solvent to solvent at a ratio of 2 or more can produce 1 to 3 micron sized particles (depending on other parameters); and ratios of less than 2 produce sub-micron particles, at least as applied to DMSO solutions diluted with ethanol.
To precipitate the compound from the solution in a desired particle size, an aqueous solution of a surfactant is prepared in sufficient quantity to effect complete precipitation of the compound and to stabilize the re sulting suspension of particles of the compound against aggregation. The surfactant provides the stabilization against aggregation, and the water is the precipitating agent. Presence of extra surfactant is advisable to ensure stabilization so that precipitated particles suspended in liquid do not aggregate, forming particles of an improp erly large size. Surfactants are chosen for their compati bility with the compound and their ability to stabilize a suspension of compound particles. For work with ITE and IEE compounds, a solution of 5% C-30 or 0.1% C-15 polyvinylpyrrollidone (PVP) in water is preferred; but 5% Pluronic F-68, 0.33% gelatin, 0.33% gelatin plus 0.6% Hetastarch, 0.33% gelatin plus 0.002% prop ylene glycol, and 0.33% gelatin plus 2% sucrose can be used.
To precipitate particles in the desired sizes, the aque ous solution and the organic solution are combined under controlled conditions of temperature, ratio of infusion rate to stirring rate, and the proportion of non solvent to solvent in the dispersed solution.
The precipitation of the compound occurs exothermi cally, heating the organic solution and resulting suspen sion. The temperature of the solution and resulting suspension is controlled to achieve the particle size of precipitate that is desired. Higher solution temperatures during precipitation produce larger particles, and lower solution temperatures during precipitation produce smaller particles. Also, faster infusion rates at constant stirring rate of organic solution produce smaller parti cles, and slower infusion rates produce larger particles.
The effects on particle size of varying parameters during precipitation of IEE from a DMSO solution diluted with 1 part solution to 2 parts ethanol using an aqueous solution of 5% PVP at different infusion rates and temperatures are as follows:
(1) As the volume and stirring of organic compound and solution are increased, the infusion rate of aqueous surfactant solution must be increased pro portionally as defined by: infusion rate (ml/min.)=23+0.14 volume (1)x stir rate (rpm) to produce particles of 1 micron diameter at 4 C. (2) At a constant ratio of infusion rate to stir ratex volumel, an increase in precipitation temperature produces larger particles.
(3) At a constant ratio of temperature stir ratex volumel, particle size is inversely proportional to the rate of infusion of the aqueous surfactant solu tion.
Thus, higher temperatures and slower mixing rates produce larger particles, and lower temperatures and faster mixing rates produce smaller particles. Another parameter than can be varied to affect particle size is the 4,783,484 7 amount of dilution of the solution before precipitation OCCS When the precipitation is complete, extra aqueous surfactant solution can be added to stabilize the sus pended particles against agglomeration. The extra solu tion can be added at a rapid rate, since all the compound is now precipitated in uniform sized particles. The pre cipitated particles are promptly separated from the organic solvents to prevent redissolving and reprecipi tation of particles at undesirable sizes. Centrifuging is the preferred way to do this. Promptly after separating the particles from the organic liquid, the particles are washed or rinsed with normal saline solution to remove solvent and excess surfactant.
EXAMPLE 2
Preparation of Iodipamide Ethyl Ester Particles Particles of iodipamide ethyl ester (IEE) with a size of about 1 micron may be prepared for administration to a patient. IEE is the water-insoluble ethyl ester of iodip amide, a water-soluble radiopaque compound used clin ically for radiographic examination of the gallbladder. The synthesis of iodipamide ethyl ester is known in the art (for example, esterification by alcohol and acid or by a Schotten-Bauman reaction).
IEE is only minimally soluble in water (10.5M) and can be precipitated easily from the dimethylsulfoxide (DMSO)/ethanol solvent mixture. However, the simple addition of water to this solution results in IEE particles with extremely rough contours; these particles vary in size from less than one micron to greater than 300 mi crons in diameter. Since rough contours could damage vascular endothelial cells or promote aggregation, the large particles could create pulmonary emboli, a more refined procedure for controlling particle size and shape needed to be developed.
Particle Precipitation Procedure Physical methods, such as ball milling, grinding or sonication for modifying and controlling particle size result in preparations with a very broad range of parti cle diameters. These methods are commonly used to eliminate large particles (greater than 4-5 microns) which could embolize in the pulmonary capillary bed, but generally some particles of submicron size are also produced; these very small particles have been shown to be more toxic than 1-2 micron particles, possibly due to increased protein binding resulting from the much larger surface area inherent with particles of smaller diameters, or possibly because of excessive uptake by bone marrow cells.
A chemical precipitation procedure for producing particles of a given size was developed to avoid these problems. By adding an aqueous solution of polyvinyl pyrrollidone, at controlled rates and temperatures to IEE dissolved in a dimethylsulfoxide/ethanol solvent, apparently spherical, amorphous particles can be pro duced with an extremely narrow size distribution. For a particle preparation with a mean diameter of 1 micron, the total range of particle diameters is 0.4 to 2.0 microns with 90 percent of the particles ranging in size between 0.5 and 1.5 microns.
By carefully controlling precipitation parameters, particle preparations demonstrating different mean di ameters, but with a similarly small range of diameters, can be produced.
The IEE particles produced using this methodology are stable in whole blood with no apparent tendency Med., 151: 328 (1980) ), lack of phagosome-lyosome fusion (Lowrie et al., Nature, 254: 600 (1975) ), and es cape of the organism from the phagosome (Kress et al., Nature, 257:397 (1975) ).
Optimal oxidative killing is dependent upon the gen eration of highly reactive products of oxygen reduction such as superoxide and hydrogen peroxide reacting in concert with peroxidase and a halide such as chloride, iodide, or bromide. Attempts have been made to en hance the killing capacity of the macrophage and other phagocytic cells. Immunologically activated macro phages are capable of an increased oxidative burst and enhanced intracellular killing. However, there is not yet evidence that such immunologic manipulation can ef fect a cure once a naturally acquired infection is estab lished in the host. Another approach has been to supply increased amounts of the peroxidase to the phagocyte by binding eosinophil peroxidase to an organism (T. gondii) before it is ingested (Locksley et al., J. Clin. Invest, 69: 1099 Invest, 69: (1982 ).
Little attention has been given to manipulation of the intracellular halide content of the host cell in attempting to enhance the intracellular killing process. Accord ingly, this example presents the results of experiments which assay the efect of delivering a potent halide into a phagocyte in terms of intracellular killing of Staphylo coccus aureus. Use of this pyogenic organism allows for precise determination of the extent of its ingestion and intracellular killing. In this example the halide, iodine, was delivered by incorporation in particles of iodipa mide ethyl ester, which has a high selectivity for liver and to a lesser extent spleen. (Violante et al., Invest. Rad., 16: 40 (1981) ). Data are presented suggesting it also has a high affinity for the neutrophil polymorpho nuclear leukocyte, the most numerous circulating phag ocytic cell in the body. Concommitant polymorphonu clear leukocyte ingestion of IEE particles and S. aureus increased the killing of the bacteria, independent of the amplitude of the respiratory burst. with 0.1% gelatin was buffered with 0.25 mM Hepes Buffer and adjusted to pH 7.2. Methylcellulose was dissolved in 2 gms/100 ml of sterile distilled water, was autoclaved and was stored at 4 C.
The particles of iodipamide ethyl ester (IEE parti cles) were synthesized under sterile conditions using the method described above, and were suspended in phos phate buffered saline (PBS), pH 7.3. The number of particles per suspension was determined for each newly synthesized lot in serial dilutions of PBS using a hemo cytometer.
Luminol(5-amino-2,3 dihydro-1,4-phthalazinedione), was dissolved at 0.1 mM concentration in dimethyl sufoxide (DMSO) and then frozen at -20° C. Zymosan was added to PBS at 50 mg/ml, boiled for 60 minutes, and frozen at -20° C. Phorbol myristate acetate (PMA) was dissolved in 1 mg/ml of DMSO and 1 ml aliquots frozen at -20° C. To prepare serum treated Zymosan, (STZ) Zymosan (Z) was opsonized by adding 0.4 ml of Z (50 mg/ml) to 1.6 ml autologous serum at 37 C., washed twice and adjusted to a final concentration of 10 mg/ml.
Methyl-3H]thymidine with a specific activity of 5
Ci/mM was used at a concentration of 1 mCi/ml. Lysostaphin, with a specific activity of 240 U/ml, was diluted in PBS so that 1 ml contained 10 u of activity.
Trypsin was used at a concentration of 0.25%.
(
ii) Preparation of leukocytes
Venous blood was first obtained from 18 normal donors who had no history of reactions to iodine con taining materials, and then was heparinized (10 U/ml).
The heparinized blood was diluted 20% with PBS and added to a mixture of 16 ml of PBS and 16 ml of 2% methylcellulose. After thorough mixing, the prepara tion was allowed to stand for 60 minutes to 23 C. The leukocyte layer was removed and contaminating RBCs removed by hypotonic lysis. The cells were then washed in PBS and the final suspension in HBSS ad justed to 107PMN/ml. Differential counts of the leuko cytes revealed 75% to 85% of cells were polymorpho nuclear leukocytes (PMNs).
(iii) Organisms Staphylococcus aureus (502A) was incubated at 37 C. in TSB for 19 hours, centrifuged at 1300 g for 20 mins, and washed in 10 ml in PBS three times. The final ad justment to the desired concentration was made by measurement of optical density at 620 mM. The actual number of organisms was determined by measuring the number of colony forming units (CFU) after the incuba tion period. When radiolabeled organisms were re quired, 60 microcuries of methyl-Hlthymidine was added to each 10 ml of TBS at the start of the 18 hour incubation.
The bacteria were opsonized with 10% autologous serum for 30 minutes at 37 C. and washed twice.
(iv) Chemiluminescence assay Chemiluminescence of the leukocyte suspension in response to IEE particles was assayed at 37 C. A 1 ml suspension consisting of 2x 106 PMNs/ml, and IEE particles (at 25:1 and 100:1 ratio of IEE:PMN) in HBSS was tumbled at 37 C. in 5% CO2 atmosphere. At 15 and 30 minutes, 0.05 ml of the suspension was placed in an autoanalyzer cup containing 0.01 of luminol (final con centration of 0.01 mM). Chemiluminescence was mea sured in a scintillation counter operating in an off-coin cidence mode. Each vial was recorded for 6 seconds and all vials were counted twice. 500x 106 particles) and HBSS to bring the final volume to 2 ml. The effect of IEE particles on PMA-stimulated oxygen consumption of PMN leukocytes was assayed in the same manner with subsitution of PMA (1 micro gram) for STZ. The PMNs and KCN were incubated for 10 minutes prior to the addition of the other reagents to allow for temperature equilibration. All assays were done in duplicate.
The rate of oxygen consumption by the reaction mix ture was determined by the difference between the steepest rate after addition of a stimulus and the rate of the resting PMNs. The data are expressed as the percent of oxygen consumption by PMNs in the control suspen sion without IEE particles for each day. The lag peri ods were calculated from the time the reagents were added to the time determined by the intersection of the slope of oxygen consumption by the resting PMNs with the maximal slope of the stimulated PMN leukocytes. (vi) Assay for Effect of IEE particles Upon Leukocyte Bacteriocidal and Phagocytic Capacity The effect of the IEE particles on PMN killing of S. aureus was performed in a standard manner. (Steigbigel et al., J. Clin. Invest, 53: 131 (1974) . A 1 ml suspension containing 5x 106 PMNs, 1 x 107 opsonized S. aureus, IEE particles, and HBSS was tumbled in a Rotorack at 37 C. in 5% CO2 with room air, and a 0.1 ml sample was removed at 30 minutes and 60 minutes. The sample was placed in 0.9 ml PBS and sonicated for 20 seconds using a Biosonik IV sonicator. The sample was then diluted and plated on TSA and the number of CFU determined at 24 hours. The results were plotted as the percentage of organisms killed in control suspensions without IEE particles at the same times.
Samples were also removed for electron microscopy and placed in 4% formaldehyde and 1% glutaraldehyde (McDowell's solution). (McDowell and Trump, Arch, Pathol. Lab. Med., 100: 405 (1976) ).
Each sample was fixed in McDowell's solution for 24 hr at 4 C. The samples were washed twice in a phos phate buffer, stained with 1% solution of OsO4, and washed twice with the phosphate buffer. Dehydration of the samples was accomplished bv, immersion in solu tions of increasing ethanol concentration. After dehy dration in 100% ethanol, the samples were placed in a 1:1 ratio mixture of Spurr resin and 100% ethanol and were incubated overnight at room temperature. The embedding process continued with four changes of Spurr resin within a 48 hr period. The process was completed by embedding the samples in fresh Spurr resin and heating at 60° C. for 24 hrs.
To determine the extent of phagocytosis in the pres ence and absence of IEE particles, 1 ml suspensions in 12X75 mm plastic tubes containing 5x 106 PMN, 125X106 or 500x106 IEE particle, 4x 107 opsonized radiolabeled Staphylococci (8 organisms; 1 PMN), and HBSS and were tumbled at 37 C. at 12 rpms. At 30 minutes, tubes containing leukocytes were centrifuged at 200 g for 10 minutes, decanted, and the pellet resus pended in PBS containing 10 U/ml of lysostaphin for lysis of the remaining extracellular Staphylococci.
After 10 minutes in 37 C. water bath, tubes were centri fuged 10 minutes at 200 g, decanted and the pellet resus pended in 1 ml of 0.25% trypsin and placed in 37 C.
water bath for 20 minutes. The tubes were then centri fuged and resuspended in 1 ml of PBS and sonicated for 20 seconds. One-half ml was pipetted into disposable glass scintillation vials and 0.1 ml diluted in 0.9 ml PBS 4,783,484 11 for determination of the number of viable bacteria. In each experiment a suspension of Staphylococci without PMN, and with or without IEE particles, was centri fuged at 1100 g for 20 mins, decanted, and the pellet resuspended in 1 ml of lysostaphin as a control of lysos taphin activity, or 1 ml of PBS as a growth control.
The scintillation vials were dried at 160° C. for 2 hours, removed and cooled, and 10 ml of OCS (Organic Scintillation Fluid) was added. The counts per minute of 3H was determined in a liquid scintillation counter. Ingestion of S. aureus in the presence of IEE was calcu lated as the percentage of ingestion by the control PMNs without IEE particles: CPM/ml in the presence of IEE particles CPM/ml in the absence of IEE particles x 100.
The number of viable intracellular organisms is ex pressed as: CFU/ml in the presence of IEE particles CFU/ml in the absence of IEE particles X 100.
All determinations were done in duplicate. (i) Ingestion of IEE particles by Human PMNs Iodipamide ethyl ester particles are fairly uniform in size, averaging 1 micron in diameter and having a spher ical shape. They are easily visible under the light micro scope and are best distinguished in phase microscopy. They are difficult to detect in assocation with polymor phonuclear leukocytes (PMN) after a Wright's stain as they apparently blend with the granules of the PMN.
However, under phase microscopy, when PMNs and particles are incubated at 37 C. in the absence of serum, significant association of the particles with the PMNs is noted.
To determine if the particles are ingested as opposed to adhering to the surface of the PMN, electron micros copy was performed on suspension of PMN and parti cles incubated at 37 C. for 15 and 30 mins, in the ab sence of serum. These studies showed particles in vari ous phases of ingestion and enclosed within phago SOS (ii) Effect of IEE particles upon oxidative burst of PMNS There was no detectable stimulation of PMN lumi nol-enhanced chemiluminescence at an IEE particle concentration of 125X 106/ml or 500x 106/ml (IEE particle: PMN ratios of 25:1 and 100:1 respectively). Nor was there evidence of an increase in oxygen con sumption of PMNs when IEE particles were present at the same two concentrations. Iodipamide ethyl ester particles decreased STZ-stimulated oxygen consump tion of PMNs by 18% at 25:1 IEE particle/PMN ratio (P<0.05) and by 33% at 100:IEE particle/PMN (P<0.005). Furthermore, the lag period of STZ stimulated oxygen consumption (1.85-0.3 min without IEE particles) was increased almost two-fold at a 100:1 IEE particle/PMN ratio (3.75-0.4 min with IEE parti cles). At a 25:1 IEE particle:PMN ratio, no effect was noted (1.60--0.013 min).
Iodipamide ethyl ester particles also decreased oxy gen consumption by the soluble stimulus, PMA, al though to a lesser degree: 8% at 25:1 IEE parti cle/PMN ratio, (pd0.10), and 16% at 100:1 IEE parti cle:PMN ratio (p<0.05).
(iii) Effect of IEE particles upon PMN Phagocytosis and Bactericidal Capacity
The killing of opsonized S. aureus by PMNs was increased by IEE particles at a ratio of 25 IEE parti cles: 1 PMN. There was a 34% increase in killing over that seen by PMN without IEE particle (p<0.05). At a higher concentration of IEE particles:PMN (100:1), there was no effect upon PMN killing of Staphylococci (p<0.1).
IEE particles reduce both the phagocytosis and intra cellular survival of radiolabeled S. aureus. At 25: IEE particles:PMN, there is a 17% reduction in S. aureus ingested over control PMNs (p<0.005) and a 24% reduction in viable intracellular organisms (p<0.05) compared to control PMNs. This effect is more pro nounced at a ratio of 100 IEE particles: 1 PMN where a 25% decrease in ingestion was noted over controls (p<0.005) with a 50% decrease in viable intracellular organisms compared to the same control PMNs (p<0.01). Hence ingestion of IEE particles by PMN causes a reduction in phagocytosis of a second particle, in this case the Staphylococcus. However, treatment with IEE particle yields fewer intracellular viable or ganisms than could be accounted for on the basis of the reduction in phagocytosis alone, and thus an overall increase in the killing of Staphylococci. The assays for viable intracellular organisms and the assay of total number of Staphylococci in the suspensions both indi cate that IEE particles enhance the intracellular killing of PMNS, (c) DISCUSSION This example demonstrates the feasibility of enhanc ing phagocyte intracellular microbicidal capacity by the introduction of organoiodide or organobromide parti cles into the cell. In this embodiment, iodide is delivered by use of iodipamide ethyl ester particles. IEE particles have a predilection for uptake by the tissue-fixed macro phages of the mononuclear phagocyte system, most notably the liver and spleen.
Incubation of Staphylococcus aureus in a suspension of human polymorphonuclear cells resulted in phagocy tosis of the bacteria but killing of only some of these organisms. The addition of iodipamide ethyl ester parti cles to this system, at a ratio of 25:1 IEE particles:PMN, resulted in a small decrease in the number of organisms phagocytosed, presumably due to competitive phago cytosis of IEE particles. However, the intracellular survival rate was much lower in the presence of IEE particles so that there was an overall significant net enhancement in the number of S. aureus killed. This enhanced kill rate is believed to result from release by IEE particles of free iodide which catalyzes the reac tion producing peroxide and superoxide radicals. Since these experiments were conducted in the absence of serum, complement activation or other non-specific mechanisms can be ruled out. Also, Zymosan particles, employed as controls in these experiments, did not pro duce the same effects as IEE particles, indicating again that IEE particles act by means of a specific, rather than a non-specific or general activation mechanism.
The interaction of the IEE particles and the most numerous circulating phagocytic cell in humans, the polymorphonuclear leukocyte (PMN), was examined in vitro. Several aspects of this interaction were of inter 4,783,484 13 est. First, ingestion by PMNs of the IEE particles pro ceeded in the absence of serum. Second, there was no oxidative burst associated with ingestion of IEE parti cles by the PMNs. Third, when IEE particles were incubated with PNMs and opsonized S. aureus, an in-5 crease in intracellular killing was observed.
Addition of serum might enhance the rate and num ber of those IEE particles ingested, but significant asso ciation of IEE particles with PMNs was seen in its absence and transmission EM studies confirmed the intracellular location of those particles.
The absence of an oxidative burst during phagocyto sis of IEE particles by PMNs may suggest the following beliefs concerning of the potential mechanisms by which IEE particles can enhance intracellular killing.
Unopsonized IEE particles did not stimulate an oxi dative burst when they were ingested. In fact, IEE particles inhibited oxygen consumption by PMNs stim ulated with STZ, probably on the basis of competition for binding sites on the surface of the PMN. Inhibition 20 of the ingestion process after binding, or inhibition of the energy-requiring activation of the oxidative burst might also be involved in the diminution of the oxida tive burst noted with IEE particles. A partial contribu tion of the latter mechanism may be supported by the observation of a small but significant decrease in oxygen consumption of PMNs in the presence of IEE particles.
PMA is a soluble stimulus and not dependent on phago cytosis (DeChatelet et al., Blood, 47: 545 (1976) ). It is possible that a mechanism of IEE particle inhibition of 30 STZ-oxygen consumption may be due to decreased phagocytosis of the stimulating particle, because a sig nificantly diminished PMN uptake of radiolabeled S. aureus in the presence of IEE particles is observed.
Increased killing of opsonized S. aureus by PMNs was observed in the presence of IEE particles. Two types of assays were used to measure PMN killing of the organism. In the first, the reduction of the initial inocu lum of opsonized bacteria is measured over time in the presence of PMN. This assay was performed at a bac teria:PMN ratio of 2:1 which in the absence of IEE particles allows for phagocytosis of all organisms by 30 min. At a 25:1 IEE particle:PMN ratio, significantly increased killing of the bacteria was observed despite any potential inhibition of ingestion. These experiments indicate an enhancement of intracellular killing which was substantiated in the second assay which examines only intracellular viable organisms.
For these experiments a higher ratio of bacteria:PMN (8:1) is used. In this assay improved intracellular killing was most evident at a 100:1 IEE particle:PMN ratio. This was not merely due to increased efficiency in intra cellular killing due to fewer organisms ingested in the presence of IEE particle, since an increase in killing of S. aureus was demonstrated in the assay of total killing. 55 Furthermore, since IEE particles were not opsonized, the possibility of enhancement of intracellular killing by complement or antibody is ruled out (Leijh et al., J. Clin. Invest, 63: 772 (1979) ).
It follows that the increased killing of S. aureus by 60 PMNs in the presence of IEE particles is the result of ingestion of these particles, which provides an increased supply of iodide to phagolysosomes. The microbicidal capacity of the PMN which is mediated by hydrogen peroxide (H2O2) demonstrated a 20 percent survival rate (LD80) after 10 days. A second group of ten mice were given a single intravenous injection of one micron iodipamide ethyl ester particles 90 minutes after the S. aureus injection.
The IEE particle dose was 0.3 mg/kg iodine per kilo gram body weight. The survival rate for this group at day 10 was fifty percent (LD50), or 150 percent higher than the untreated controls. A third group, given the same dose of IDE but at 48 hours post S. aureus injec tion, had a survival rate of sixty percent (LD40), or 200 percent greater than controls. Thus, a single, low-dose injection of IEE particles dramatically increased the survival rate of these Staphylococcus aureus infected Typical results from these experiments demonstrated no difference in Listeria survival rates between control and IEE particle-treated mice at 24 hours post innocula tion. However, at both 48 and 72 hours post innocula 4,783,484 15 tion, the number of viable Listeria was significantly less in the mice treated with IEE particles as compared with controls. These results indicate that IEE particles en hance the kill-rate of the facultative intracellular organ ism, Listeria monocytogenes in this mouse model. Micro organisms of this type are a major cause of life-threaten ing infections throughout the world and, at present, treatment of these infections is inadequate. The en hancement of host defense by use of a particle of solid organoiodide or organobromide according to the inven tion offers promise as a highly effective method of treat ment for obligate and facultative intracellular microor ganisms, including bacteria, protozoa, fungi, yeast, hel minthes rickettsia, chalmydia, and viruses.
We claim:
1. A pharmaceutical composition suitable for treating a microbial infection of a patient which comprises a physiologically acceptable carrier in combination with an effective amount of substantially unifornly sized particles which are essentially comprised of an organoi odide or organobromide which is solid at physiological temperatures and has a solubility in blood serum of less than one part per ten thousand, and wherein the mean particle diameter is from about 0.01 microns to about 4 microns.
2. The composition according to claim 1, wherein the particles are capable of enhancing intracellular killing of microorganisms.
3. The composition according to claim 1, wherein the iodide or bromide group can be cleaved through an intracellular metabolic pathway to produce a corre sponding iodine or bromine anion.
4. The composition according to claim 1, wherein the particles are comprised of an aromatic or arylalkyl mono-, di-, or tri-iodide or bromide.
5. The composition according to claim 1, wherein the particles are comprised of iodipamide ethyl ester.
6. The composition according to claim 1, wherein the particles are comprised of iosefamate ethyl ester.
7. The composition according to claim 1, wherein the particles are comprised of iothalamate ethyl ester.
8. The composition according to claim 1, wherein the mean particle diameter is from about 1 micron to about 2 microns.
9. The composition according to claimi, wherein the mean particle diameter is from about 0.01 microns to about 0.1 microns.
10. The composition according to claim 1, wherein the carrier is an aqueous solution capable of forming a suspension with the particles. 11. A method for treating a microbial infection which comprises administering internally to a patient with an infection caused by an intracellular microorganism an effective amount of substantially uniformly sized parti cles which are essentially comprised of an organoiodide or organobromide which is solid at physiological tem peratures and has a solubility in blood serum of less than one part per ten thousand, and wherein the mean parti 12. The method according to claim 11, wherein mi croorganisms are present in target cells of the patient and the administration of the particles enhances intra cellular killing of the microorganisms.
13. The method according to claim 12, wherein the target cells are phagocytes.
14. The method according to claim 12, wherein the target cells are the phagocytic cells of the circulatory system, liver, spleen, lung, bone marrow, central ner vous system, integument, or gastrointestinal tract.
15. The method according to claim 12, wherein the target cells are polymorphonuclear leukocytes or mononuclear phagocytes.
16. The method according to claim 11, wherein the iodide or bromide group is cleaved through an intracel lular metabolic pathway to produce a corresponding iodine or bromine anion.
17. The method according to claim 11, wherein the particles are comprised of an aromatic or arylalkyl mono-, di-, or tri-iodide or bromide.
18. The method according to claim 11, wherein the particles are comprised of iodipamide ethyl ester.
19. The method according to claim 11, wherein the particles are comprised of iodipamide ethyl ester and the dose is from about 0.005 mg to about 400 mg of iodipamide ethyl ester per kilogram body weight.
20. The method according to claim 11, wherein the particles are comprised of iosefamate ethyl ester.
21. The method according to claim 11, wherein the particles are comprised of iothalamate ethyl ester.
22. The method according to claim 11, wherein the mean particle diameter is from about 1 micron to about 2 microns.
23. The method according to claim 11 wherein the mean particle diameter is from about 0.01 microns to about 0.1 microns.
24. The method according to claim 11, wherein the particles are administered as an aqueous suspension.
25. The method according to claim 11, wherein the route of administration is parenteral.
26. The method according to claim 11, wherein the dose is that amount of particles calculated to contain from about 0.003 mg to about 200 mg equivalent of iodide or bromide per kilogram body weight.
27. The method according to claim 11, wherein the infection is caused by a facultative or obligate intracel lular parasite.
28. The method according to claim 11, wherein the infection is caused by a fungus, a yeast, a bacteria, a helminthes, a rickettsia, a chlamydia, a protozoa, a my cobacteria, or a virus.
29. The method according to claim 11, wherein the particle comprises iodipamide ethyl ester of a particle size of about 1 micron to about 2 microns, and the dose is about 0.05 mg iodipamide ethyl ester per kilogram body weight. k k at
